Purpose: To compare vergence adaptation to +2D addition lenses in myopic and emmetropic children and to evaluate the influence of the accommodative-vergence cross link (AC/A ratio) on this adaptation.
Introduction

1
Near addition lenses have been prescribed to myopic children in an attempt to slow the 2 progression of myopia attributed to near work. [1] [2] [3] [4] [5] The current basis for prescribing near adds to 3 myopic children is to eliminate the large accommodative lags 6 that might create a hyperopic 4 retinal defocus and possibly trigger axial elongation of the eye. [7] [8] [9] Clinical trials that evaluated 5 the ability of these lenses to slow myopic progression provided varying results ranging from no 6 success, 10, 11 limited success 12, 13 to clinically significant reduction of myopia. 14, 15 Several 7 studies have shown that myopic children with esophoria display greater benefit (i.e. less 8 progression of myopia) from wearing near adds compared to children with exo or orthophoria.
13, 9 16, 17 In addition, accommodative responses seemed to influence myopia progression through the 10 near add, with the greatest reduction of myopic progression observed in children with larger 11 accommodative lags 13, 16 and in esophoric children with higher lags of accommodation. 18 These 12 findings suggest that the accommodative and phoria status of the child might play a significant 13 role in the mechanism of reduction of myopic progression with plus lenses. 14 15 Several studies have evaluated the effect of near adds on the accommodative responses of 16 emmetropic [19] [20] [21] [22] and myopic adults. 23 These investigations consistently show that plus lens 17 additions are capable of reducing the lag of accommodation at low dioptric powers (+1D) 19, 20 18 and result in a small amount of over-focus or lead of accommodation with higher dioptric powers 19 (+2 and +3D) [20] [21] [22] Past research shows evidence for greater accommodative lags in myopic 20 children under negative-lens induced monocular viewing conditions, 6 , 24 with monocular real 21 targets 25 or under binocular viewing condition through full refractive correction. 26 However, 22 relatively few investigations have evaluated the ability of near adds to reduce or eliminate the 23 accommodative lags observed in myopic children. 24
25
In the vergence system, studies have evaluated the effect of near adds on adult 26 participants, either immediately after the addition of lenses 23 or with sustained fixation. 27, 28, 29 It 27 is known that near adds affect both accommodation and vergence through the accommodative 28 vergence (AV) (Mueller 1826, cited in Alpern 30 ) and vergence-accommodation (VA) 31 cross 29 links. However, earlier investigations did not measure coincident changes to both systems but 30 measured changes to either accommodation or vergence alone. [19] [20] [21] 29 A recent study from our 31 group evaluated the coincident time course of changes to accommodative response and near 32 phoria when emmetropic adults' sustained fixation (33 cm) through +2D lenses. 22 A consistent 33 pattern of change was observed. Introduction of near addition lenses produced an exophoric 34 shift, accompanied by a significant increase in binocular accommodation over that of monocular 35 accommodation. This difference, (attributed to convergence accommodation), was believed to be 36 a result of the lens-induced exophoria triggering an increase in fast reflex convergence and 37 subsequently an increase in the output of convergence driven accommodation. [32] [33] [34] After several 38 minutes of prolonged viewing, vergence adaptation occurred, concurrently reducing the 39 exophoria and the binocular levels of accommodation while monocular levels remained constant. 40
The degree of vergence adaptation was quantified using two parameters. The first parameter, 41 magnitude of adaptation, represents the absolute change in phoria through +2D adds before and 42 after the near task. The second parameter, percentage of completeness (PC) describes the degree 43 to which the phoria has returned to its original level prior to viewing through the near add. Past 44 studies on prism adaptation commonly quantified adaptation as a change in induced phoria only 45 35-40 similar to our first parameter, the magnitude of adaptation. We found that a second term, PC 46 was necessary because the lens induced change in phoria was not the same for each subject but 47 rather it depended on their AC/A. Therefore, any two individuals showing the same magnitudes 48 of adaptation will not exhibit the same PC of adaptation if they have different AC/A ratios. In 49 our previous study, both magnitude and completeness of vergence adaptation were dependent on 50 an individual's AC/A ratio. 22 Higher AC/A ratios were associated with greater magnitudes of 51 adaptation but the lens-induced exophoria did not return to its habitual level indicating less-than 52 complete vergence adaptation. 53 54 Past studies show higher response AC/A ratios in myopic children compared to 55 emmetropes 41, 42 . Based on the results from our adult study 22 it can be hypothesized that near 56 addition lenses will produce greater exophoric shift that would increase the fusional vergence 57 demand in myopic children. This increased vergence demand, in turn, will require greater levels 58 of vergence adaptation if the lens-induced phoria is to return to its original level. In addition, 59 myopic children might not exhibit the same magnitude of accommodative lead seen in 60 emmetropic adults due to the larger accommodative lags observed under binocular 26 or 61 monocular viewing conditions. 6, 24, 25 Relatively few investigations have evaluated the changes 62 to both accommodation and vergence response when myopic children perform near task through 63 plus addition lenses. Recently, Cheng and co-workers evaluated the effect of various 64 combinations of positive lens additions and base-in prisms on the accommodative lag and near 65 phoria of progressive myopic children. 43 The authors measured the responses immediately after 66 the addition of lenses / prisms and concluded that the combination of +2.25D lens and 6 ∆ base-in 67 resulted in minimal accommodative lag and exophoria. However, as acknowledged by the 68 authors, this investigation did not measure changes to accommodation and phoria during 69 sustained near activity. Thus, the possibility of vergence adaptation to lenses and prisms cannot 70 be excluded and the beneficial effect of reduced phoria and accommodative lag may not be 71 maintained over a period of prolonged spectacle wear. 72
73
To our knowledge, vergence adaptation to near addition lenses has not been 74 investigated in myopic children. North and colleagues compared adaptation to 6 ∆ base-in and 75 base-out in adult groups of emmetropes, early onset and late onset myopes. 37 They reported no 76 difference in the magnitude of prism adaptation between the three refractive groups. On the other 77 hand, Rosenfield suggested that late onset myopes might have reduced vergence adaptive ability 78 compared to emmetropes. 44 Therefore, it is still not clear whether the adaptive ability of young 79 myopes is any different from that of emmetropes. Thus, aim of this study was to investigate the 80 time course of changes to accommodation and vergence when myopic children perform 81 sustained near work (20 min) through +2 D addition lenses. Based on the results of our adult 82 study 22 and the higher AC/A ratios expected in myopic children 41, 42 we hypothesize that 83 myopic children may show less complete adaptation to near adds compared to emmetropes. We 84 will explore the extent to which the AC/A ratio accounts for the differences in adaptation. 85 using cycloplegic refraction; astigmatism < 1D; anisometropia < 0.5D; best corrected visual 98 acuity of at least 6/6 in each eye; normal binocular vision status ensured through normal distance 99 and near phorias 45 by prism neutralized cover test; normal amplitudes of accommodation; and 100 that participants were not taking any medications that might influence the accommodation and 101 vergence systems.
86
Methods
87
Study participants
46 Table 1 Instrumentation and experimental procedure 104 The instrumentation and the experimental setup used in this study have been described in 105 detail elsewhere. 22 Briefly, accommodative responses were obtained when children fixated a 106 single high contrast (85%) color cartoon frame at a distance of 33cm. This target was chosen as it 107 was expected to be more successful than conventional reading material in holding the 108 participants' attention. Accommodative responses with and without +2D lenses were obtained6 using the monocular mode of an eccentric infra-red (IR) photorefractor (PowerRefractor, 110 MultiChannelSystems, Reutlingen, Germany for description see 47, 48 ) at a sampling rate of 25 Hz 111 for a period of 10 sec. When tested with near addition lenses, the PowerRefractor recorded 112 accommodative measures as a sum of the near addition lens and the accommodative response. 113
This combination, conjugate with the participants' retina was termed "plane of focus". 22 Thus, 114 in the no add condition; the plane of focus approximates the participants' accommodative 115 response given that myopes were corrected for their distance vision. When viewing through the 116 near add the plane of focus would correspond to the combination of +2D lens and 117 accommodative response through the lens. "Binocular plane of focus" was measured while both 118 eyes fixated the target; however, responses were recorded from the right eye alone. For the 119 measurement of "monocular plane of focus", the left eye was occluded. During the 10 sec 120 measurement period, the accuracy of fixation was assessed using the gaze control function 121 displayed on the PowerRefractor interface. Additionally, care was taken to ensure that the child 122 was fixating the near target at the correct fixation distance (33 cm) while measurements were 123 recorded. A volunteer constantly monitored the head position of the child and ensured they did 124 not move away from the chin rest during measurement. If unsteady fixation was noticed during 125 measurement, or when the examiner (VS) observed off axis gaze errors exceeding 5 degrees, the 126 measures were flagged using keyboard inputs and discarded given the possibility of under or 127 over estimation of accommodation. [49] [50] [51] [52] In these cases, recordings were obtained for an 128 additional 5 sec period to ensure equal data sets across subjects. Though the two equations show slightly different slopes, this difference was small and was not 144 found to be statistically significant (P>0.2). Moreover, the accommodative responses did not 145 differ significantly when individual calibration equations were used instead of group equations in 146 both refractive groups (Margin of error <0.10D; P >0.6). 147
Horizontal near heterophoria (33cm) was measured using the modified Thorington 148 technique (MTT) and the magnitude of the phoria was quantified using a custom designed 149 tangent scale. This technique showed good validity and repeatability in previous studies [54] [55] [56] [57] 
150
The efficacy was also confirmed from our own experience where we have found the 95% limits 151 of agreement with cover-test to be ±1.02∆. The co-efficient of repeatability between measures 152 taken on two different days was observed to be 1.98∆ (1.96*standard deviation of difference).
153
The tangent scale used to quantify phoria consisted of a small central aperture for the light source 154 and a horizontal row of letters/numbers on either side with each letter/number separated by 3.3 155 mm (1∆ apart at a distance of 33cms). A red Maddox rod was placed before the right eye and 156 phoria was measured using a "flashing technique" similar to previous studies. 22, 29 The 157 participants verbally reported the number/letter that was closest to the red line. The same 158 technique was repeated thrice and near heterophoria was defined as the average of the three 159 responses. Considering the possibility of higher variability in this age group, all children 160 received a training session with the MTT prior to the experimental session. During the training 161 session, picture cards were shown to facilitate better understanding of the test. Near phoria was 162 measured 5 times and all children were able to achieve standard deviation of less than 1.5 ∆ 163 (range 0-1.25 ∆; mean = 0.51 ± 0.43). The variability of phoria response within the experimental 164 session (i.e. the variability between the three trials obtained during a particular time point) was 165 also determined at each time point tested in the study. The highest mean (±SD) variability was 166 observed to be 0.50±0.53∆ in our study group. 167
The experimental procedure consisted of two study sessions; one session was performed 168
with the children wearing their corrective lenses if any in a trial frame (referred to as "no add 169
condition") and the other involved measurements with +2D lenses (referred to as "add 170 condition") added over their correction (if applicable). The +2D lenses were inserted at a 171 distance of 12 mm from the participants' eyes and the trial frame was adjusted for the 172 participants near pupillary distance so as to reduce any prismatic effect. The two study sessions 173 were performed on different days (separated by at least by 24hrs) and the order of testing was 174 randomized to avoid bias. Prior to the start of the study sessions, all participants were dark 175 adapted for 3 minutes to avoid effects of previous near work. 58 The lighting in the examination 176 room was then reduced to approximately 10 lux to obtain sufficiently large pupil sizes (greater 177 to determine the precise time point that showed the significant difference. Differences were 216 considered statistically significant when the likelihood of type-I error was <0.05. Data analysis 217 was performed using STATISTICA 6.0 (StatSoft, Inc, USA). Exponential curve fitting and 218 analysis were performed using Graphpad software (Graphpad Inc, USA) to investigate the 219 changes in near phorias through +2D lenses. 220
221
Results
222
Changes to plane of focus measures without near add and with +2D lenses 223 The dotted lines in Fig. 1 shows the plane of focus measures during the no add condition 224 from emmetropic (Fig. 1A) and myopic (Fig. 1B) The average habitual near phoria of the emmetropic and the myopic groups were 287 observed to be -2.80 ± 0.87∆ and -2.88 ± 0.96 ∆ respectively (ranged between ortho and -8∆ in 288 both groups with the negative sign indicating exophoria: P>0.05, Fig 3 and Table 1 ). Fig.3  289 compares the changes in the mean phoria when participants performed prolonged near work 290 through their habitual correction. The mean changes in near phoria without near addition lenses 291 were observed to be similar in both refractive groups until 9 minutes of near work. Beyond that 292 time, the emmetropic group showed a drift towards esophoria that was statistically significant at 293 the end of the near activity (Fig. 3, dashed line ; difference between 9 and 20 minute time points: 294 1.01 ± 0.74∆; P<0.05). The myopic group did not show any significant change in near phoria 295 even after 20 minutes of near work through their habitual corrective lenses (Fig. 3, solid reduced with an increase in AC/A ratio (Fig 5) . On the contrary, the slope of actual adaptation 343 did not differ (P>0.3) from that of complete adaptation in myopes; however, the actual 344 adaptation was significantly offset (P<0.0001; Fig 5) 
Influence of AC/A ratio on vergence adaptation to lenses in myopes 356
Irrespective of the refractive error, we observed that the magnitude of phoria adaptation 357 increases with increasing demand of exophoria imposed by higher AC/A ratios; however, 358 myopic children consistently showed reduced magnitudes compared to emmetropes. On the other 359 hand, AC/A ratio influenced the completeness of adaptation in emmetropic children alone. In 360 emmetropes, adaptation was less complete for individuals with higher AC/A ratios, similar to the 361 results of our adult study. 22 Conversely, in the myopic group, children showed less complete 362 adaptation at all AC/A ratios. 363
The higher response AC/A ratio observed in myopes (similar to previous studies 41, 42 ) 364 might be viewed as a cause for the reduced magnitude of adaptation observed in this group of 365 children. If their AC/A ratios were the sole cause of the difference in adaptation, we would 366 expect the absolute change in phoria to be greater in the myopic group since higher AC/A ratios 367 result in greater amounts of induced exophoria, which would drive greater reflex convergence, 368
and greater magnitudes of vergence adaptation. 22, 29, 59 This was not the case. In fact, the average 369 amplitudes of adaptation were greater in our emmetropic group compared to myopes. In The pattern of change in phoria following sustained near task differed between the two 385 refractive groups when viewing through habitual corrective lenses. Emmetropic children showed 386 a shift towards esophoria while myopes showed no change in phoria with sustained near fixation. 387
The magnitude of esophoric shift in emmetropes (1.01±0.74∆), although small, is similar to 388 previous studies.
58, 61 Ehrlich 61 reported an esophoric shift of only 1.62 ∆ after sustained near 389 fixation despite using a longer task duration (45 min) and closer fixation distance (20 cm) 390 compared to the current study. This smaller (1.01±0.34∆) magnitude of adaptation compared to 391 the add condition (4.41 ± 0.08∆) could be attributed to the variable demand (high/low) on 392 fusional vergence system in either (add/no add) conditions. 28 The lack of adaptive change after 393 sustained binocular viewing through habitual lenses in myopes seems to provide additional 394 evidence towards reduced vergence adaptive ability in this group. However, this reduced 395 adaptation can be considered beneficial since a shift towards esophoria might further reduce the 396 accommodative response (due to reduced output from vergence accommodation due to reflex 397 divergence) in an eye with previously large accommodative lag. 398
399
Near add, vergence adaptation and accommodation
400
The general patterns of changes to accommodation and near phoria in both refractive 401 groups were similar to our adult study 22 , with the emmetropic children exhibiting similar time 402 course of adaptation compared to emmetropic adults. More specifically, the introduction of near 403 adds eliminated the excessive lags of accommodation observed in our myopic group comparable 404 to previous studies with myopic children 43 and myopic adults. 23 At the onset of near work, these 405 lenses resulted in a small degree of binocular over-focus in both refractive groups similar to 406 investigations in adults. [19] [20] [21] [22] This over-focus was smaller in the myopes compared to 407 emmetropes, presumably due to the large accommodative lags seen during natural viewing 408 conditions in myopic children. Convergence accommodation, which was calculated from the 409 difference between monocular and binocular focus through near add, was greatest at the reading 410 onset in both the groups. This could be attributed to the lens-induced exophoria triggering an 411 increase in reflex convergence, resulting in an immediate increase in binocular focus through the 412 convergence accommodation crosslink. 
EMMETROPES MYOPES
No of participants 13 11 Age 11 ± 0.65 yrs (7-14)
11 ± 0.58 yrs 
